Introduction
The determination of poly(oxyethylene) (POE) dodecyl ether nonionic surfactants (NSs) in our surrounding waters and/or industrial waters is very important in order to recognize the trends in their environmental pollution. Spectrometric methods are widely used for this purpose, based on the solvent extraction of ionic aggregates between NSs and metal-thiocyanate complex anions, as seen in the Japanese official method. 1 Cobalt(II) tetrathiocyanate, [2] [3] [4] [5] [6] [7] zinc(II) tetrathiocyanate, 8 and ferric thiocyanate [9] [10] [11] [12] [13] [14] [15] have been used as chromophores. In addition to these inorganic complex anions, organic anions, such as picrate, [16] [17] [18] [19] tetrabromophenolphthalein ethyl ester, 20, 21 and erythrosine B 22 have also been proposed similarly. In particular, the ferric-thiocyanate method is known to be the most sensitive.
Potassium thiocyanate has often been used for producing the Fe(III)-thiocyanate complex, and the potassium ion can act as a counter cation of such bulky anionic chromophores. However, a simple question can arise from the complexation reaction. Why can such a nonionic substance form an ionic aggregate with an anionic complex? On the other hand, monodisperse heptaoxyethylene dodecyl ether, CH3(CH2)11(OCH2CH2)7OH, denoted by C12EO:7, is generally used as the calibration standard for the determination of polydisperse NSs; the results are given as the concentrations equivalent to C12EO:7. 1 In addition to this, it is a well-known fact that the colorimetric sensitivity of POENSs depends on the chain length of the ethylene-oxide (EO) moiety, as described in several articles. 3, 7, 9, 10, 19 Why can heptaoxyethylene dodecyl ether provide the highest sensitivity 7, 9, 10, 19 compared to other homologous NSs having longer or shorter EO chains? Although such spectrometric methods have been accepted in many analytical laboratories, no one has given any convincing explanation to solve the above questions.
Recently, we have presented some possible gas-phase conformations of poly(oxyethylene) dodecyl ethers, including potassium ions studied by electrospray mass spectrometry. 23 The mass spectra have exhibited intense peaks of potassiated molecules of the POENSs significantly stable rather than the other alkali-cationized molecules. The mass spectral results have been well-defined by the estimation that such a non-cyclic POE chain can include K + inside, leading to a stable helical conformation, probably due to the size-fitting effect and electrostatic interaction between K + and the electron-rich EO moiety. 24, 25 In addition, such a mass spectral interpretation has been supported theoretically by molecular mechanics/dynamics simulations, which can provide energy-minimum conformations in the gas phase. 23 This paper describes the formation mechanism and possible conformation of the ionic aggregate between a poly(oxyethylene) nonionic surfactant and a ferric-thiocyanate complex through an intermediary of the potassium ion. The stoichiometry of ferric thiocyanate taking part in the ionic aggregate has been made clear, and some convincing explanations or energy-minimized A possible formation mechanism of the ionic aggregate of poly(oxyethylene) dodecyl ether nonionic surfactants with a ferric-thiocyanate chromophore is presented, and the dependence of their colorimetric sensitivity on the degree of ethoxylation can be clearly explained through both experimental and theoretical approaches. The stoichiometry of ferric thiocyanate was confirmed to be a monovalent anion comprised of the 1:4 complex, [Fe(SCN)4] -, both by the extractive mole-ratio method and the continuous variation method. The poly(oxyethylene) moiety can form a stable helical conformation by including an alkali cation inside the helix, leading such nonionic surfactants into cationic complexes that can produce ionic aggregates with a bulky anionic complex, such as ferric thiocyanate. The colorimetric sensitivity of the ionic aggregates can depend on the inter-charge distance between the cation and the counter anion. The newly introduced conformational ideas based on experimental results are theoretically supported by CHARMM29 molecular mechanics/dynamics simulations. Molecular dynamics simulations successfully provided the most stable conformation for the K + -included heptaoxyethylene dodecyl ether aggregated with the bulky counter anion. conformations are also presented to give answers to the above two questions.
Experimental

Chemicals and materials
Monodisperse nonionic surfactants, octaoxyethylene dodecyl ether (denoted by C12EO:8), heptaoxyethylene dodecyl ether (C12EO:7), hexaoxyethylene dodecyl ether (C12EO:6), and pentaoxyethylene dodecyl ether (C12EO:5) of all guaranteed reagent grade, were purchased from Wako (Osaka, Japan).
Iron(III) chloride hexahydrate, lithium thiocyanate n-hydrate, potassium thiocyanate, ammonium thiocyanate, sodium thiocyanate, sodium chloride, and toluene of guaranteed reagent grade and methanol of HPLC grade were purchased from Wako. All reagents were used as received.
The water used was purified by passing tap water through a Nihon Millipore (Tokyo, Japan) Direct-Q water-purification system. A standard solution of 20 mM C12EO:7 was prepared and appropriately diluted for use. The chromogenic agents were 1 M FeCl3 and 6.4 M KSCN, as described in our earlier papers. 10, 14 
Instrumentation
A JASCO (Tokyo, Japan) V-660 spectrophotometer was used to measure visible-wavelength spectra between 350 and 700 nm. A narrow-size quartz cell of 1 cm in path length with 3 mm in liquid width was used. The determination was carried out using the absorbance at 510 nm, as usual.
A Thermo Fisher Scientific (Waltham, MA) LCQ ion-trap mass spectrometer (MS) equipped with an electrospray (ES) ionization source was used in positive mode through an infusion sample introduction system. The ES solvent comprising a 50%(v/v) methanol/water mixture was delivered to the ion source at a flow rate of 3 μL min -1 .
Analytical procedure
The spectrometric procedure was based on our previous work.
10,14 A 20-mL aliquot of a sample water containing NS was collected into a 50-mL borosilicate test tube with a screw cap, and then a 1-mL aliquot of 2 M NaCl (found unnecessary in conclusion) and a 2-mL aliquot of toluene were successively added. After 2 min of hand-shaking, the test tube was allowed to stand for 30 min. Hand-shaking was significantly effective for extraction, rather than any machine-shaking. The toluene phase was transferred into a 10-mL borosilicate test tube with a screw cap by using a micro-pipette, and then a 0.50-mL aliquot of 1 M FeCl3 and a 0.50-mL aliquot of 6.4 M KSCN were added. The capped test tube was shaken for 2 min to extract the ferric-thiocyanate chromophore into the toluene phase containing NS. The final coloring reaction was very fast, requiring not so much time. When separating into two phases, the organic phase was transferred into the quartz cell and the absorbance at 510 nm was measured versus a toluene reference.
The mass-spectrometric procedure was based on our previous work, 23 although the ion-trap MS was used this time in place of a quadrupole MS used in earlier work.
Molecular dynamics simulation
Molecular mechanics and dynamics calculations were performed using the CHARMM29 program, which is a molecular modeling software based on empirical energy functions. 26 A force field for poly(oxyethylene) developed by Tasaki 27 was used. Since the parameters for the hydroxyl end residue were not included in Tasaki's set, those parameters were taken from the CHARMM29 parameter set. Since such parameters for Fe(SCN)4 -were unavailable from any literatures, we used cation-ClO4 -instead of Fe(SCN)4 -ion pairs as a model with the hydrophobic perchlorate ion having an ion-paring nature, to investigate the behavior of the ionic aggregation with a bulky anionic complex through the alkali cation. The force-field parameters for Na + , K + , and Cs + included in the CHARMM29 parameter set were also used. The force field for Li + and ClO4 -used were developed by Aqvist 28 and Liu et al., 29 
respectively.
The tetra-and hepta-oxyethylene dodecyl ethers (C12EO:4 and C12EO:7) coexisting with LiClO4, NaClO4, KClO4, or CsClO4, were placed in a cubic box with a size of 31.1 Å filled with TIP3P water molecules. 30 The water molecules that overlapped with the polymer and the counter ions were deleted. Finally, the system contained ca. 950 water molecules. The initial structure of the polyethoxylate with the helical conformation used in this study was constructed in the same way as described in our previous paper. 23 The equations of motion were integrated in the NPT ensemble with a temperature of 300 K and a pressure of 1 atm using the Verlet integrator scheme with a step size of 1 fs. Non-bonded interactions were truncated at 14 Å on a neutral group-by-group basis after being made to go smoothly to zero at between 12.0 and 13.5 Å using switching functions. The bond lengths involving hydrogen atoms were kept fixed using the SHAKE algorithm. 31 Long-range electrostatic interactions were treated using the Ewald method. 32 After the equilibration of each system for 20 ps, the trajectories were further integrated for 200 ps for each system, and they were used in the analysis. 
Results and Discussion
Composition of ferric thiocyanate in an ionic aggregate with POENS
The stoichiometry of a ferric-thiocyanate complex effective for forming an ionic aggregate with POENSs in toluene was determined by the mole-ratio method. The absorbance at 510 nm of chromogenic substances formed in the toluene phase containing 1.0 mg L -1 of C12EO:7, by extracting from several kinds of aqueous phases containing 1 M FeCl3 treated with increasing molar concentrations (1 -8 M) of KSCN, was measured according to a similar procedure to that described in the Experimental section. The absorbance was plotted against the mole ratio of the ligand to metal, as shown in Fig. 1 . The intersection of the two extrapolative lines indicated that the mole ratio of ferric thiocyanate, SCN -/Fe(III), present in toluene should be 4, as depicted in Fig. 1 .
The result was crosschecked by the continuous variation method, where the concentration of C12EO:7 in toluene was 10 mg L -1 , and the total concentration of Fe(III) and KSCN in the aqueous phase was fixed to 2 mol L -1 . The maximum absorbance observed at 0.2 of the mole-fraction of Fe(III), as shown in Fig. 2 , indicated that the ratio of Fe(III)/SCN -should be 1/4, although the data were somewhat dispersed, probably due to the too-low concentration of the chromogenic mixture limited by the solubility of Fe(III). The composition ratio was very consistent with those obtained by the molar-ratio method.
The results indicated that the POENS in toluene could extract or draw the red [Fe (SCN)4] -into the toluene phase, and could form stable ionic aggregates through the intermediary of K ions, under the condition of extra-excess of KSCN over Fe(III) at least 6 times, as found in our previous work. 10 The ferric-thiocyanate method based on the preliminary extraction of NSs into the toluene phase is thought to be technically useful for analyzing real water samples, 7,10 because the coloring complexation of NSs in the aqueous phase can often be affected by any coexistent ionic substances, which requires some pretreatment, such as ion-exchange separation. 1 
Specificity of potassium ion for the formation of stable ionic aggregates
The ES mass spectra of the C12EO:7 surfactant with alkali-metal ions exhibited significantly intense peaks of the lithiated molecules rather than the other alkali-cationized molecules, as shown in Fig. 3 , which was dominated by the peaks at m/z 501 and 507 corresponding to [M+Li] + and [M-H+2Li] + , respectively. The mass spectra could show the substantial stability of the lithiated molecules, and suggest that the use of LiSCN alternative to KSCN as the coloring agent would enable one to increase the method sensitivity. However, such an idea was experimentally discouraged by the overwriting visible-wavelength spectra (Fig. 4) for the ionic-aggregates through different alkali cations in the toluene phase, which may be an empirically known fact since old times. It is naturally considered that the stabilities of their conformation in the liquid phase are quite different from those in the gas phase. The decrease in detectability was thought to be due to the decrease in extractability, probably depending on the stability of the ionic aggregate. The apparent molar absorptivity of C12EO:7 with Fe(SCN)4 -through K + , involving the extraction efficiency, was 19900 cm -1 mol -1 L at 510 nm. Although the peak maxima were slightly different from cation to cation, the apparent molar absorptivities at 510 nm through Na + , NH4 + , and Li + were 13300, 11800, and 9000 cm -1 mol -1 L, respectively. In addition, the apparent molar absorptivities at 510 nm for C12EO:8 through K + , Na + , NH4 + , and Li + were 21700, 16800, 15400, and 13100 cm -1 mol -1 L, respectively, which were relatively higher than those for C12EO:7. The results suggest that the ionic aggregates produced through the intermediary of K + are more stable than those through the other alkali cations.
It is possible to define that the stability of ionic aggregate should depend on the inter-charge distance between the cation and the counter anion of the ion pair. Molecular-dynamics simulations in the aqueous phase were performed to estimate a stable conformation of the ionic aggregate consisting of the alkali-cationized C12EO:7 with the counter anion ClO4 -that was used as an alternative to Fe(SCN)4 -. The inter-charge distances between the alkali cation (Li + , Na + , K + , and Cs + ) included by the EO helical moiety and the counter anion were significantly dependent on the setup conformation of the ion pair. Theoretically reasonable results were obtained by setting ClO4
-at the root position where the alkali cation is 4.161 Å from it, positioning near to the ether bonding of the NS molecule (shown later). Figure 5 shows the changes in the inter-charge distance between the alkali cation in C12EO:7 and the counter anion during the 200-ps molecular motion; and the averaged distances and their statistical data are summarized in Table 1 . The averaged distance between K + and ClO4 -could exhibit the smallest angstrom with the minimum variation. In addition, the ascending order of the average distances for alkali cations was very consistent with the descending order of the analytical sensitivities (Fig. 4) . The result clearly demonstrated the experimental knowledge that the ionic aggregate through the intermediary of K + could provide the highest sensitivity. Figure 6 shows the setup conformation (a) and a snapshot after 200-ps molecular motion (b) for the ionic aggregate of C12EO:7 with ClO4 -through the intermediary of K + . The simulation clearly indicated that the potassium ion was surrounded by 5 oxygen atoms belonging to the helical EO moiety of C12EO:7, as shown in Fig. 6(b) , in which the inter-atomic distances between the K and O of the nearest 5 were 2.585 ± 0.076 Å. The counter anion, ClO4 -, was located at a distance of 3.685 Å on average from the included K + ( Table 1) ; they came close each other from their initial setup distance of 4.161 Å, as shown in Fig. 6(a) .
On the other hand, Li + was surrounded by 4 oxygen atoms at 1.823 ± 0.074 Å, as shown in Fig. 7 , where the helical conformation can be seen as having a somewhat collapsed shape, probably due to the high charge density of Li + . However, the distance between Li + and ClO4 -was expanded to 6.291 Å on average (Table 1) . Therefore, a theoretical calculation of the inter-charge distance can convincingly indicate the coordinational stability of the ionic aggregate of C12EO:7 with a ferric-thiocyanate complex, although the simulation was performed using ClO4
-as an alternative to Fe(SCN)4 -. The result therefore concludes that such analytical specificity of K + can arise from the conformational stability of the POENSs including K + in the aqueous phase.
Dependence of the sensitivity on the ethylene-oxide chain length
This study confirmed that the C12EO:8 NS could provide the highest sensitivity, as described above, but it is a well-known fact that the colorimetric sensitivity of POENSs having EO-unit numbers exceeding 8 can significantly decrease, as described in a previous paper. 10 This is simply thought to be due to the decrease in hydrophobicity of the NS homologues. On the one hand, the sensitivity for POENSs having EO-unit numbers less than 7 also decreases, although their hydrophobicity increases. The extractabilities of such shorter-chain POENSs should be higher than those of the longer chain homologues. The solution for this question may arise from the degree of stability in the conformational interaction between POENSs and alkali cations.
Molecular mechanics/dynamics simulations could also provide theoretical support to explain the decrease in detectability of the shorter-chain POENSs. Figure 8 shows a snapshot conformation for C12EO:4 including K + accompanied by ClO4 -in the aqueous phase. The tetraoxyethylene moiety could defectively include K + surrounded by only 4 oxygen atoms, and the average distance between K + and ClO4 -was 6.450 ± 0.566 Å during the 200-ps molecular motion, which was considerably distant from 3.685 Å for C12EO:7 (Table 1) . This can successfully indicate the decrease in stability of the ionic aggregate, leading to the decrease in colorimetric sensitivity. Since the stability in conformation of such a supramolecule depends on both the EO unit number and the cation size for inclusion, 23 a less-stable helical conformation can only be established by POENS oligomers having EO unit numbers less than 7.
Conclusion
The possible formation mechanism and chemical conformation of ionic aggregates of poly(oxyethylene) nonionic surfactants with the ferric-thiocyanate anion through the intermediary of the potassium ion were clearly demonstrated through both experimental and theoretical approaches. The stoichiometry of the ferric-thiocyanate complex participating in the aggregation was determined as being Fe(III)/SCN -= 1/4, using both mole-ratio and continuous-variation methods. Potassium ion could have a specific role to form the most stable ionic aggregate of POENS with ferric thiocyanate. The highest colorimetric sensitivity given by the POENS having 7 or 8 EO units was based on forming the most stable EO helical conformation including K + in the aqueous phase. Molecular mechanics/dynamics simulations could provide very helpful and suggestive results to theoretically prove the formation mechanism of the ionic aggregates experimentally estimated.
The colorimetric sensitivity was thought to be based on the stability of the ionic aggregate, which was strongly dependent on the inter-charge distance between the included alkali cation and the bulky counter anion. This conformational study gave significant and convincing answers to the analytical questions.
